We find a characteristic low-energy peak structure located in the range of 100-300 cm −1 in the optical conductivity spectra of a quasi-two-dimensional organic compound with a triangular lattice, θ-(BEDT-TTF) 2 CsZn(SCN) 4 , in which two different types of short-range charge orderings (COs) coexist. Upon lowering the temperature, the low-energy peak becomes significant and shifts to much lower frequencies only for the polarization of E a, in contrast to the other broad electronic bands in the mid-infrared region. On introducing disorder, the low-energy peak is strongly suppressed in comparison with the broad electronic bands. This result indicates that the low-energy peak is attributed to a collective excitation that originates from the short-range CO with a relatively long-period 3 × 3 pattern. The present results shed light on the understanding of the low-energy excitation in the glassy electronic state, where the charge degrees of freedom remain at low temperatures.
Charge ordering (CO) has become an important physical concept for understanding insulating ground states of quarter-filled electron systems [1, 2] . In conventional onedimensional (1D) systems, nesting of the 1D Fermi surface, combined with the electron-phonon interaction, induces a Peierls instability, which eventually leads to a charge-densitywave order. Contrastingly, in strongly correlated electron systems such as organic conductors and transition-metal oxides, Wigner-type CO often emerges; in this type of CO, the offsite Coulomb interaction plays an important role in the formation of localized electrons in real space, mostly leading to long-range CO. Recently, however, in geometrically frustrated systems, insulating ground states without long-range CO have been observed [3] . Geometrical frustration can suppress the tendency towards long-range CO, since competition among various CO patterns due to geometrical frustration prevents a specific charge configuration, which is analogous to geometrically frustrated spin systems, such as quantum spin liquids or spin glasses. Thus, geometrical frustration may lead to exotic electronic states, such as a charge-glass state or a quantum melting of CO [4] [5] [6] , in which charge degrees of freedom remain at low temperatures.
Quasi-two-dimensional (quasi-2D) organic compounds with a triangular lattice, θ-(BEDT-TTF) 2 X, where BEDT-TTF denotes the donor molecule bis(ethylenedithio)-tetrathiafuvalen and X represents a monovalent anion, have been extensively studied because of the occurrence of a CO metal-insulator transition [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The crystal structure consists of an alternating stack of BEDT-TTF and X layers, and the charge transfer between these layers leads to a quarter-filled hole band system. For the θ-type salts, the BEDT-TTF molecules form a 2D conducting plane with a triangular lattice, where the ratio of the nearest-neighbor Coulomb repulsions V c and V p is close to unity [12] (see the inset of Fig. 1(c) ). The ground state of θ-(BEDT-TTF) 2 X, ranging from charge ordered insulating states to a metallic (superconducting) state, can be tuned using the dihedral angle φ between BEDT-TTF molecules, which depends on the anion X or pressure [7] . It has been shown that φ alters the intermolecular transfer integrals t c and t p (with a smaller φ yielding a smaller ratio of t c to t p ), and that the CO transition temperature T co is lowered with decreasing φ. Indeed, θ-(BEDT-TTF) 2 RbZn(SCN) 4 (abbreviated as θ-RbZn) with φ = 111
• (t c /t p ∼ 0.4) is a well-known long-range CO system (T co = 190 K) with a horizontal-stripe structure along the c-axis [17, 18] . In contrast, θ-(BEDT-TTF) 2 I 3 with φ = 100
• exhibits superconductivity at 3.6 K [19] . What is even more intriguing in the θ-type salts is that θ-(BEDT-TTF) 2 CsZn(SCN) 4 (θ-CsZn) with φ = 104
• (t c /t p ∼ 0.1) located on the phase boundary exhibits no clear long-range CO but rather the coexistence of two kinds of short-range COs with modulation wave vectors q 1d = (2/3, k, 1/3) and q 2d = (0, k, 1/2) [20, 21] ; the charge modulation with q 1d corresponds to a 3 × 3 CO with respect to the a-c unit cell, while the modulation with q 2d is the same as the horizontal-stripe CO observed in θ-RbZn. Theoretically, it has been pointed out that the competition among various Wigner-type COs due to geometrical frustration [4] [5] [6] can cause such a glassy CO state, but a consensus for the origin of the CO state in θ-CsZn is still lacking. Therefore, it is highly desirable to further investigate details of the charge dynamics.
Here, we report optical conductivity measurements of θ-CsZn. We have found that the optical conductivity spectra can be described by three characteristic structures, one of which, located at 100 cm −1 , is very sensitive to molecular defects introduced by x-ray irradiation. Considering the long-distance Coulomb interactions, we discuss the possibility of a collective excitation derived from the short-range 3 × 3 CO as the origin of the low-energy excitation.
Single crystals of θ-CsZn were grown through an electrochemical oxidation method [7] . Polarized reflectivity measurements were performed with a Fourier transform microscope spectrometer in the range of 100-45000 cm −1 . In the far-infrared region (100-650 cm −1 ), synchrotron radiation light at BL43IR in SPring-8 was used. The reflectivity was de- termined by comparison with a gold thin film evaporated on the sample surface. The optical conductivity was calculated through a Kramers-Kronig (KK) transformation. The reflectivity in the range of 8000-45000 cm −1 was measured at room temperature. Above 45000 cm −1 the standard ω −4 extrapolation was used. At low frequencies, both constant and linear extrapolations were applied. We have confirmed that there is little difference between the two extrapolation procedures in the measured region. The in-plane dc conductivity was measured in the linear I-V region. For introducing molecular defects, the crystals were irradiated by x-rays at room temperature using an unfiltered tungsten target at 40 kV and 20 mA. The dose rate was estimated to be 0.5 MGy/h [22] . The temperature dependence of the resistivity and reflectivity were measured after each step of the irradiation.
Figures 1(a) and 1(b) show the optical reflectivity spectra at various temperatures for the polarizations of E a and E c, respectively. Upon lowering the temperature, the reflectivity increases for both directions. Several vibrational features can be seen at 220, 400, 880, and 1230 cm −1 ; these are attributed to the totally symmetric a g vibrational modes of the BEDT-TTF molecule coupled with electronic excitations through the electron-molecular vibration (emv) interaction [23] [24] [25] . The sharp peak at approximately 2100 cm −1 is the CN stretching mode of (SCN) −1 in the anion layer.
Figures 1(c) and 1(d) display the optical conductivity spectra σ 1 (ω) obtained from the KK transformation for E a and E c, respectively. At room temperature, the optical spectra for E a and E c show similar behavior. The spectral intensity for E a is approximately 2.5 times larger than that for E c, reflecting the difference between the intermolecular transfer integrals in the a and c directions. With decreasing temperature, the spectral weight (SW) below ∼1500 cm −1 increases for both directions; this behavior is totally different from the behavior observed for slowly cooled θ-RbZn, in which a well-established charge gap is observed at low temperatures [26] . What is more remarkable is that σ 1 (ω) in the low-energy region below ∼500 cm −1 is strongly enhanced by lowering the temperature, especially for E a. One should note that the enhancement of σ 1 (ω) for E a differs from a Drude response since the dc conductivity σ dc decreases to ∼1 Ω −1 cm −1 at 4 K (see the inset of Fig. 1(d) ). Therefore, σ 1 (ω) should have a peak structure below ∼100 cm −1 . At low temperatures, in addition to this low-energy peak, it can be clearly seen that there are two broad bands located at approximately 800 and 2200 cm −1 (also see Fig. 2 ). Besides, the antisymmetric (or antiresonance) features of the vibrational modes of the BEDT-TTF molecule in the far-infrared region become more noticeable because of the increase of the electronic background at low temperatures.
To distinguish the electronic and vibrational contributions, at low temperatures we fit the data to a model with Lorentzian components describing the electronic excitations and Fano components reflecting the intramolecular vibrations:
where N is the number of charge carriers, m 0 is the band mass, ω 0 is the center frequency, γ is the linewidth, σ 0 is the electronic background, and q is the Fano parameter characterizing the degree of line asymmetry. At higher temperatures, the dc conductivity seems to be not negligible for the analysis. Recent THz transmission measurements for θ-CsZn [27] have revealed that an incoherent state, often seen in bad metals, is observed around 30 cm −1 at room temperature. This incoherent state can be still seen below 100 K, and evolves to a gapped state below 20 K, which is consistent with the fact that σ dc obeys the Arrhenius law below 20 K [25] . Therefore, the low-energy peak structure observed in the present study differs from the incoherent peak, implying that the finite value of the dc conductivity is not due to the contribution from the low-energy peak, but from the incoherent state in the THz region. In order to consider the contribution from the finite value of σ 1 (0), we simply added a narrow Drude term L incoherent into Eq. (1), since the incoherent response with a maximum near the dc limit differs little from a narrow Drude response. As shown in Figs. 2(a), 2(b), 2(d), and 2(e), the incoherent component rapidly decays with increasing frequency as expected from the small value of σ 1 (0). Therefore, the Lorentzian terms are not affected by the incoherent state. Thus, the optical spectra are mainly composed of three characteristic Lorentzian curves with center frequencies of 100-
FIG. 2. (Color online). (a)-(f)
Optical conductivity spectra of θ-CsZn before (red) and after (blue) x-ray irradiation for 300 h at 4, 150, and 300 K for E a and E c. The red and blue circles at ω = 0 indicate the dc conductivity before and after x-ray irradiation, respectively. The red (blue) lines represent the overall fit before (after) x-ray irradiation. The black, green, and magenta solid (dashed) lines correspond to the bands L low , L middle , and L high before (after) x-ray irradiation, respectively. The gray lines at higher temperatures indicate the contribution from the conductive carries. The Fano components are not shown for clarity. 300, 800-1000, and 2200-2500 cm −1 (referred to as L low , L middle , and L high , respectively). As shown in Figs. 3(b) , 3(c), 3(f), and 3(g), the center frequencies of L middle and L high are located at almost the same position for both polarizations at each temperature, and they shift to lower frequencies by about 10-20% when the crystals are cooled to 4 K. In contrast, the center frequency of the low-energy peak L low shows a different trend with temperature for E a and E c, as shown in Figs. 3(a) and 3(e) ; the center frequency for E a exhibits a large shift from 300 to 100 cm −1 (i.e., a decrease of about 70%), whereas for E c it shows only a slight change. It is noteworthy that the strong temperature dependence of the center frequency of L low observed for the polarization of E a was not seen in any other quasi-2D organic compounds.
The broad bands L middle and L high have often been observed in other quarter-filled organic conductors close to a CO phase such as the α- [28, 29] and β " -phase [30] BEDT-TTF salts, as well as in θ-RbZn above T co [23, 26] . Numerical calculations based on the extended Hubbard model that takes into account the nearest-neighbor Coulomb interaction at quarter-filling on a square lattice [31] predict that in a metallic state close to a CO phase, in addition to a Drude peak, two broad electronic bands emerge in the optical spectra owing to CO fluctuations. A transition between Hubbard-like bands induced by the intersite Coulomb repulsion V , i.e., a site-to-site transition within the fluctuating CO pattern, gives rise to a broad band in the mid-infrared region of the order of V , which corresponds to L high [32] . The other band is a "charge fluctuation band" originating from short-range CO fluctuations, corresponding to L middle . This band is enhanced as V is increased, but it becomes invisible as V approaches a critical value at which the long-range CO occurs. Indeed, while the broad band around 2500 cm −1 in θ-RbZn shifts to a higher energy region below T co = 190 K, the band around 1000 cm −1 becomes less pronounced below T co [23, 26] , indicating that short-range CO fluctuations are important for the formation of L middle . In the case of θ-CsZn, there is no Drude response as discussed above. Therefore, L middle is considered to be due to a transition between the incoherent state observed in the THz region and the Hubbard-like bands. Thus, the above two bands, L middle and L high , can be well understood in the framework of the extended Hubbard model including the nearest-neighbor Coulomb interactions. The striking result of this work is the low-energy peak around 100 cm
observed only in the polarization of E a. One should note that although a similar band is observed at about 300 cm
, the band appears in both directions and does not show a strong temperature dependence [30] .
There are several key features that appear to be clues for understanding the origin of the low-energy peak L low . In the x-ray diffuse scattering experiments for θ-RbZn above T co = 190 K, diffuse rods associated with a short-range 3 × 4 CO are observed at q 1 ′ d = (±1/3, k, ±1/4), which are replaced by the long-range charge modulation with q 2 below T co [17, 18] . However, when the crystals are rapidly cooled through the transition temperature, the above shortrange 3 × 4 CO remains, and another diffuse rod appears at q 2d [18] . Thus, two kinds of short-range COs coexist below 190 K. This is very similar to what is observed in θ-CsZn, in which x-ray diffuse scattering measurements [21] revealed that two kinds of diffuse rods associated with the short-range 3 × 3 and horizontal COs start to appear at q 1d and q 2d below ∼150 K. Theoretical calculations for the θ-type salts based on the extended Hubbard model considering the nearest-neighbor Coulomb repulsions V c and V p [5, 6, [12] [13] [14] [15] [16] suggest that a caxis three-fold CO, which has a three-fold periodicity only in the c direction, is more stable at high temperatures than the horizontal-stripe CO when V c ≈ V p . Because the phase transition between the above two COs is considered to be first order [12] , the high-temperature phase can be frozen when the system is cooled rapidly or T co is sufficiently lowered, resulting in a charge-cluster glass state [3] . The extended Hubbard model including V c and V p captures the important aspects of the CO state in the θ-type salts; however, the 3 × 3 and 3 × 4 COs observed in the experiments cannot be reproduced within the framework of the model containing only V c and V p . Thus, the importance of the more distant Coulomb interactions has been discussed [12, 14, 33] . Theoretical calculations including the next-nearest-neighbor Coulomb interactions have revealed that the 3×3 and 3×4 COs are more stabilized than the c-axis three-fold CO, indicating that the long-period Coulomb interactions are important for the formation of the 3 × 3 and 3×4 COs. The condition that V c and V p are comparable owing to geometrical frustration can make the next-nearest-neighbor Coulomb interactions more important for determining a specific configuration among the various CO patterns. Recent theoretical calculations by Fratini and Merino [34] based on a 2D Hubbard-Wigner model including the full longrange Coulomb interactions on a square lattice predict the manifestation of a collective excitation in the vicinity of a CO phase. In this situation, the electrons can resonate between nearly-degenerate energy states, which form a collective excitation that can propagate coherently at long distances as a result of a gain in the kinetic energy. As discussed above, the 3 × 3 CO observed in θ-CsZn requires the more-distant (at least next-nearest-neighbor) Coulomb interactions. Therefore, the low-energy peak L low in θ-CsZn may be attributed to a collective excitation originating from the 3 × 3 CO. This assignment is consistent with the unidirectional behavior of L low ; i.e., the low-energy peak L low becomes sharper and shifts to much lower frequencies only in the polarization of E a with decreasing temperature. Recent x-ray diffuse scattering measurements [35] have revealed that the evolution of the correlation length of the short-range 3 × 3 CO becomes temperature-independent below ∼100 K. The development of L low for E a shows the same trend with temperature, suggesting that the low-energy peak originates from the shortrange 3 × 3 CO. The domain size of the 3 × 3 CO is estimated to be ∼20Å at 160 K, which evolves to ∼70Å at 80-100 K and saturates at further low temperatures. Therefore, the development of the low-energy peak for E a with cooling is considered to reflect the increase in the domain size, resulting in that the collective excitation can exist more coherently.
To check this, we introduced molecular defects into the crystals through x-ray irradiation; moderate defects would adequately affect the collective excitation. X-ray irradiation effects have been intensively studied for κ-(BEDT-TTF) 2 X [22] , and it is well established that nonmagnetic impurities are introduced mainly into the anion layers, because the scattering cross section of the elements in the anion layer is larger than that of the BEDT-TTF molecule [22, 36] . Thus, the charge carriers in the BEDT-TTF layers are influenced by the random potential modulation in the anion layer. Figure 1(d) shows the irradiation-time dependence of σ dc (T ) for the a and c directions. The dc conductivity for the a direction, σ a dc , slightly decreases with increasing irradiation time, whereas σ c dc is nearly unchanged. The variation of σ a dc is, however, negligibly small when it is compared to the irradiation effects on the optical conductivity
The optical conductivity spectra of θ-CsZn after x-ray irradiation for 300 h for E a and E c are shown in Figs. 2(a)-2(f). At room temperature, a slight reduction in σ 1 (ω) can be seen in the low-energy region; this reduction becomes more prominent as the temperature is lowered. One can see that the low-energy peak observed in the pristine sample for E a below ∼150 K is drastically suppressed because of the x-ray irradiation. As shown in Figs. 3(a) and 3(e) , the center frequency becomes nearly temperature-independent for both polarizations, and the SW decreases under x-ray irradiation. As a result, the anisotropic temperature dependence observed in the pristine sample disappeared. This result suggests that the lowenergy peak L low observed in the pristine sample is a collective excitation sensitive to impurities. The molecular defects introduced by x-ray irradiation could prevent the formation of collective excitation that can propagate coherently over long distances. In contrast, the broad bands L middle and L high are nearly unchanged under x-ray irradiation, strongly supporting that L middle and L high originate from the interband transitions depending on fundamental electronic parameters such as the intermolecular transfer integrals and Coulomb interactions. Because the total SW is nearly conserved for both directions before and after x-ray irradiation, the amount of SW reduction of the low-energy peak should be redistributed to higher frequencies.
Finally, we comment on the characteristic temperature dependence of the SW of L low . As shown in Figs. 3(d) and 3(h) , the total SW for E a increases with decreasing temperature and saturates below 100 K, whereas for E c it does not change so much with temperature. A similar anisotropic temperature dependence of the total SW has been observed in the α-phase BEDT-TTF salts [29] . The anisotropic variation of the total SW reflects the anisotropic temperature dependence of the intermolecular transfer integrals along with the thermal contraction of the lattice constants; only the transfer integral in the a direction increases upon cooling [37] . Therefore, the development of the low-energy peak for E a is considered to be due to the increase of the transfer integral in the a direction; i.e., the reduction in V /t gives rise to the manifestation of the collective excitation. The fact that the spectral weight of the low-energy peak already exists at room temperature for both polarizations implies that the collective excitation which can propagate some distances already exists at room temperature. This is consistent with the 13 C-NMR experiment [10] , in which extremely slow charge fluctuations associated with the 3 × 3 CO have been already observed at room temperature.
In summary, we have performed optical conductivity measurements of θ-CsZn before and after x-ray irradiation. Although the two broad bands in the mid-infrared region are relatively insensitive to molecular defects, the low-energy peak around 100 cm −1 observed in the pristine sample for E a is drastically suppressed because of x-ray irradiation. This result indicates that the low-energy peak originates from a collective excitation derived from the short-range 3 × 3 CO, in which more-distant Coulomb interactions become important owing to geometrical frustration. The present results should be an important input for understanding of the low-energy excitation in the glassy electronic state.
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